Berberine, berberrubine, thalifendine, demethyleneberberine, jatrorrhizine, and columbamine are six natural protoberberine alkaloid (PA) compounds that display extensive pharmacological properties and share the same protoberberine molecular skeleton with only slight substitution differences. The oral delivery of most PAs is hindered by their poor bioavailability, which is largely caused by P-glycoprotein (P-gp)-mediated drug efflux. Meanwhile, P-gp undergoes large-scale conformational changes (from an inward-facing to an outward-facing state) when transporting substrates, and these changes might strongly affect the P-gp-binding specificity. To confirm whether these six compounds are substrates of P-gp, to investigate the differences in efflux capacity caused by their trivial structural differences and to reveal the key to increasing their binding affinity to P-gp, we conducted a series of in vivo, in vitro, and in silico assays. Here, we first confirmed that all six compounds were substrates of P-gp by comparing the drug concentrations in wild-type and P-gp-knockout mice in vivo. The efflux capacity (net efflux) ranked as berberrubine > berberine > columbamine~jatrorrhizine > thalifendine > demethyleneberberine based on in vitro transport studies in Caco-2 monolayers. Using molecular dynamics simulation and molecular docking techniques, we determined the transport pathways of the six compounds and their binding affinities to P-gp. The results suggested that at the early binding stage, different hydrophobic and electrostatic interactions collectively differentiate the binding affinities of the compounds to P-gp, whereas electrostatic interactions are the main determinant at the late release stage. In addition to hydrophobic interactions, hydrogen bonds play an important role in discriminating the binding affinities.
INTRODUCTION
Protoberberine alkaloids (PAs) are an important group of isoquinoline alkaloids that share the same protoberberine skeleton and are present in many plants, including Magnoliaceae, Ranunculaceae, Berberidaceae, and Menispermaceae [1] . Some PAs have demonstrated a wide spectrum of pharmacological effects and have been widely used in clinical practice. For instance, berberine (BBR) is currently among the most reported and studied PAs [2] . It displays broad-spectrum antibacterial [3] , antidiabetic [4] , antihyperlipidemic [5] , and anticancer [6] activities and has been used as a nonprescription drug for gastroenteritis and diarrhea in clinical practice [7] . In recent decades, PAs have attracted increasing attention. New targets and relevant biological activities and mechanisms of action have been discovered and studied, and various PAs have been isolated and modified to improve their efficacy [8] [9] [10] . However, the suboptimal pharmacokinetic properties of certain PAs have limited further development. Among these, P-glycoprotein (P-gp)-mediated drug efflux is a key factor that causes poor bioavailability.
P-gp is a transmembrane transporter belonging to the ATPbinding cassette superfamily and is distributed widely at many physiological barriers, including the intestinal epithelium, capillary brain endothelium, liver hepatocytes, and kidney proximal tubules [11] . In general, P-gp is responsible for pumping cytotoxic compounds out of cells, thereby protecting the body from harmful xenobiotics [12, 13] . Meanwhile, in vivo and in vitro studies have indicated that P-gp also plays a significant role in drug absorption and disposition, reducing drug efficiency [14, 15] .
Numerous in vivo and in vitro assays have been designed to profile the interaction of P-gp with potential substrates. The comparison of P-gp knockout (KO) mice with wild-type (WT) animals allows the contribution of intestinal P-gp to be quantitatively defined without the need for inhibitors, which often exhibit specificity and affinity problems in vivo [16, 17] . However, the amount of compound needed and the cost of KO animals limit the ability to assess all the novel compounds. The human epithelial colorectal adenocarcinoma cell (Caco-2) monolayer model is the most commonly and classically used in vitro method for assessing interactions of P-gp and substrates, but this assay also has certain disadvantages. It is expensive, laborious, and time consuming at the early discovery stage. Multiple in silico methods have been developed to rapidly and cost-effectively identify P-gp substrates or inhibitors. Based on the publication of the mouse P-gp crystal structure [18] , docking of selective substrates into the binding cavity of P-gp confirmed the previously identified pharmacophore features of P-gp and revealed the interactions between atoms and functional groups in the compound structures and P-gp protein residues [19, 20] . With the development of molecular dynamic (MD) simulations, P-gp was found to undergo large-scale conformational changes (from an inward-facing to an outward-facing state) when transporting substrates, using energy from ATP hydrolysis [21] [22] [23] . These changes may greatly impact the P-gp-binding specificity. Therefore, treating P-gp transport as a flexible process in the simulation model is critical for evaluating the efflux capacity, which may be a critical reason why compounds with very similar structures can have different affinities for P-gp. However, to the best of our knowledge, no such studies have previously been performed.
This study examined the interactions of P-gp with six PAs: BBR, berberrubine (BER), thalifendine (THA), demethyleneberberine (DEM), jatrorrhizine (JAT), and columbamine (COL). These PAs share the same molecular skeleton and aromatic quaternary ammonium nitrogen and differ only slightly in the substitution of the A ring or the D ring (Scheme 1). We aim to investigate whether these six compounds are substrates of P-gp. As the last five compounds are major metabolites of BBR, it is feasible to investigate the contribution of P-gp to their pharmacokinetic behavior by administering BBR alone to P-gp-KO mice. In addition, as the five other PAs contribute to systemic pharmacological activities along with BBR [24] [25] [26] [27] , revealing the mechanism underlying the different efflux capacities they exhibit despite their highly similar structures is very important. We also hope to clarify the differences between these six PAs' efflux capacities in vitro and to reveal the mechanism resulting in the different efflux capacities by comparing how these six highly similar compounds bind to P-gp during transport using MD simulation and molecular docking methods.
MATERIALS AND METHODS
Chemicals and reagents BBR hydrochloride, BER, JAT hydrochloride, DEM, and COL standards were purchased from Chengdu Mansite Pharmaceutical Co., Ltd. (Chengdu, China). THA was kindly provided by Prof. Cheng-gang Huang (Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai, China). The purity of all the chemicals was >98%. Ammonium acetate was purchased from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS), penicillin-streptomycin (PS), MEM nonessential amino acid (MEM-NEAA, 100×), Hanks' balanced salt solution (HBSS, 1×, containing Ca 2+ ), and N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES, 100×) were purchased from Gibco Life Technologies (Carlsbad, CA, USA). Dulbecco's modified Eagle's medium/high glucose (DMEM-high glucose) was purchased from GE Healthcare Life Sciences (Logan, UT, USA). 2-Morpholinoethanesulfonic acid was purchased from TCI (Shanghai) Development Co., Ltd. (Shanghai, China). Acetonitrile and methanol were purchased from Merck kGaA (Darmstadt, Germany), and formic acid was obtained from Aladdin Company (Shanghai, China).
Animals and cells Male P-gp-KO (mdr1a

−/−
) and WT C57 BL/6J (mdr1a +/+ ) mice (8 weeks old) were purchased from Nanjing Yinghe Biopharmaceuticals Co., Ltd. (Nanjing, China) and raised in a specific pathogen-free experimental animal room. All animals were ) and P-gp KO (mdr1a
) mice (n = 5/group/time point) at 150 mg/kg. The plasma and liver were then collected. The samples were frozen at −80°C until liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis. In addition, the tissue was homogenized in 3-fold excess volumes of normal saline before LC-MS/MS analysis.
Cell culture Caco-2 cells were cultured at 37°C in a humidified atmosphere of 5% CO 2 . The cells were maintained in DMEM-high glucose supplemented with 10% FBS, 1% PS, and 1% MEM-NEAA. In addition, routine passage was performed approximately every 3 days.
Studies of in vitro transport in Caco-2 monolayers For the transport experiment, the cells were seeded on 12-well Transwell plates (1.12 cm 2 area, 12 mm Transwell with 0.4 μm pore polycarbonate membrane; Product #3401, Corning Corporation, Corning, NY, USA) at a density of 1.5 × 10 5 cells/cm 2 . The culture medium was changed every 2 days. Permeability studies were conducted using monolayers cultured for 21 days. Transepithelial electrical resistance (TEER) was used to monitor the integrity and tight junction of the Caco-2 cell monolayer using a Millicell ® ERS-2 Epithelial Volt-Ohm Meter (Millipore, Billerica, MA, USA). To simulate the pH environment of the intestinal mucosa, the pH of the transport medium was set according to a previous report and adjusted as necessary [28] . Monolayers with TEER values >500 Ω/cm 2 were used for the experiments. Before the transepithelial transport studies, the cell monolayers were washed three times with 37°C HBSS and equilibrated with transport medium (apical side: HBSS with 10 mM MES, pH 6.0; basolateral side: HBSS with 10 mM HEPES, pH 7.4) for 30 min at 37°C. Transport medium containing BBR, BER, COL, JAT, THA, or DEM (10 μM for all) was added to either the apical or basolateral chamber (donor chamber), and blank apical/basolateral-side transport medium was added to the opposite chamber (receiver chamber). The total volume was 0.4 mL in the apical chamber and 1.2 mL in the basolateral chamber. Ninety microliter aliquots of the samples were taken separately from the receiver chambers at 30, 60, 90, and 120 min, and the same volume (90 μL) of blank transport medium was immediately added. Transport experiments were conducted in an incubator maintained at 37°C with shaking at a speed of 50 rpm. The samples were frozen at −80°C until LC-MS/MS analysis.
The apparent permeability coefficient (P app ) values across the cell monolayers were calculated according to the following equation:
where dQ/dt represents the rate of drug transport, A is the surface area of the cell monolayer (1.12 cm 2 ), and C 0 is the initial concentration of the drug in the donor chamber.
The efflux ratio (ER) and net efflux value were calculated according to the following equations:
ER ¼ P appðBLÀAPÞ =P appðAPÀBLÞ ; Netefflux ¼ P appðBLÀAPÞ ÀP appðAPÀBLÞ :
LC-MS/MS analysis of biological samples A sensitive LC-MS/MS (LCMS-8030 triple quadrupole system; Shimadzu, Kyoto, Japan) method was established to measure the BBR, BER, JAT, COL, THA, and DEM concentrations in plasma and in tissue homogenate. The mobile phase consisted of an organic phase (acetonitrile containing 0.2% formic acid) and an aqueous phase (ultrapure water containing 0.1% formic acid and 2.5 mM ammonium acetate), with an isocratic elution condition (85% aqueous phase) at a rate of 0.27 mL/min. The column temperature was maintained at 40°C. The injection volume was 5 μL. The BBR, BER, JAT, COL, THA, and DEM concentrations were determined in positive electrospray ionization mode with a Waters Lortecs TM C18 column (100 mm × 2.10 mm, 2. Samples were pretreated before LC-MS/MS as follows. First, 90 μL sample/control, 10 μL internal standard, and 300 μL acetonitrile were mixed and vortexed for 5 min and then centrifuged at 14,000 × g for 20 min at room temperature (RT). The supernatants were concentrated by vacuum concentrators (Thermo, Waltham, MA, USA), resuspended with 100 μL resuspension agent (water: acetonitrile = 7:3) and then centrifuged at 14,000 × g for 20 min at room temperature, and the supernatants were analyzed using the validated LC-MS/MS method.
Human P-gp modeling An inward-facing model of human P-gp was built using a murine P-gp crystal structure (PDB code: 4M1M) as a template [29] . An outward-facing model was built based on the murine model reported by Pan et al. [30] . The resolutions of 4M1M and 2HYD are high, and these structures are often used to build P-gp models [31] [32] [33] [34] [35] . Sequence alignment and homology modeling were performed using Modeller (Ben Webb, Novato, CA, USA). The sequence identity between human and mouse P-gp was 88.7% after the removal of residues 1-30 at the N-terminal, residues 1275-1280 at the C-terminal and linker residues 631-684, which have no counterpart in the template sequence, indicating the reasonableness of building human P-gp structures using a template from mice. The resulting inward-facing and outwardfacing human P-gp models are similar to the corresponding templates (root-mean-square deviation (RMSD) Cα < 0.4 Å) (Supplemental Fig. 4a ). The two structures were minimized in Maestro and then evaluated using the MolProbity server (http://kinemage. biochem.duke.edu). The result showed that the constructed models were high quality (Supplemental Fig. 4b ).
Normal mode analysis The conformational transition pathway from the inward-facing to the outward-facing state of human P-gp was calculated using normal mode analysis (NMA) [36] . The constructed inward-facing model was set as the initial structure and the outward-facing model as the final target structure. Multiple iterations were run with these two structures as the end points, with the step size set to 10.0. Every intermediate structure calculated was minimized using 1000 MD simulation steps, and the optimized structure was then used in the next NMA iteration. One hundred conformations were selected from all transition conformations for the subsequent docking procedure.
Interaction of berberine and five other PAs with P-gp YT Zhang et al.
Molecular docking
Molecular docking was performed using the Maestro software (Schrödinger, New York, NY, USA). The protein was prepared using the protein preparation wizard. Three-dimensional structures of BBR, BER, COL, JAT, THA, and DEM were downloaded from PubChem (https://www.ncbi.nlm.nih.gov/pccompound) and prepared using the Ligprep wizard (Schrödinger, NY, USA). The pKa values of COL, JAT, THA, and DEM were calculated using the Epik program (Schrödinger, NY, USA), and the pKa values of BER were obtained from the Human Metabolome database (see Supplemental Table 1 ). Therefore, at physiological pH 7.0 ± 2.0, only BER is partly deprotonated, resulting in zwitterionized and ionized mixed forms. The other five compounds (BBR, COL, JAT, THA, and DEM) all maintain their original protonation state. BBR, COL, JAT, THA, DEM, and ionized and zwitterionized BER were docked into P-gp conformations. The initial docking box center coordinate was set with reference to the center of mass of the ligand in a murine P-gp complex crystal structure (PDB code: 3G60). To obtain the whole transport pathway, the docking box center was shifted from 0 to 31.6 Å at intervals of~0.4 Å along the Z-axis from the first to the last P-gp conformation. To constrain the docking poses at the settled Z coordinate, we set the inner box size to 30 Å × 30 Å × 2 Å and the outer box size to 40 Å × 40 Å × 20 Å. Then, molecular docking was performed using the Glide module with the self-propelled mode. To increase the ligand conformation variety generated, we used sampling enhanced four times at the conformer generation step. When selecting initial poses, we used expanded sampling by retaining 50,000 poses for the initial phase of docking and 4000 poses for energy minimization. Finally, the top 100 poses were outputted. When selecting the transporting intermediate docking poses, both the RMSD and binding affinity were considered. We assumed the RMSD between poses in neighboring protein conformations to be small. We first extracted the top 10 docking poses for each protein conformation and then sorted these poses according to the RMSD values with respect to the final pose. The docking pose with the lowest RMSD was selected as an intermediate conformation. The first starting ligand conformation was determined by the binding affinity.
Statistical analysis
Statistical analysis was performed using the GraphPad Prism 6 software (GraphPad Software Inc., La Jolla, CA, USA). The data are expressed as the mean ± SD. Differences between groups were analyzed using the unpaired Student's t test. P values <0.05 were considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).
RESULTS
BBR and five metabolite concentrations in the plasma and liver of WT and P-gp-KO mice To determine whether BBR and the five other PAs are substrates of P-gp, we compared the concentration of each compound in the Fig. 1 The plasma and tissue concentrations of BBR and its metabolites in WT and P-gp-KO mice. Concentrations of BBR and its metabolites in the plasma (a) and liver (b) were detected at 2 and 6 h after the oral administration of 150 mg/kg BBR (n = 5/group/time point). Data are mean ± SD. Significance was analyzed by non-paired t test. P values <0.05 were considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001)
plasma and liver of WT (mdr1a
) and P-gp KO (mdr1a −/− ) mice. As the last five PAs (BER, JAT, COL, THA, and DEM) are also major metabolites of BBR, it is possible to investigate the contribution of P-gp to their pharmacokinetic behavior by administering BBR alone to P-gp-KO mice. A sensitive LC-MS/MS method was used to identify and quantify BBR and its main metabolites (BER, JAT, COL, THA, and DEM) simultaneously after a single oral administration of 150 mg/kg BBR to WT and P-gp-KO mice. Both the plasma and liver concentrations of BBR, COL, JAT, THA, and DEM ( Fig. 1) were significantly higher in P-gp-KO mice than in WT mice. The plasma concentrations at 2 h and liver concentrations at 6 h of BER increased without significance. The plasma concentrations of BER, BBR, COL, JAT, THA, and DEM in the P-gp KO group showed 3.9-, 4.3-, 9.2-, 15.8-, 30.1-, and 35.5-fold increases, respectively, compared with the values in the WT group after 6 h. The drug concentrations of BER, BBR, COL, JAT, THA, and DEM in the liver in the P-gp-KO group showed 1.1-, 3.6-, 4.1-, 4.3-, 4.6-, and 6.0-fold increases, respectively, compared with the WT group after 6 h.
In vitro permeability in Caco-2 monolayers To compare the efflux capacity of the six compounds, the in vitro permeability across Caco-2 monolayers was measured for each compound. The Caco-2 cell monolayer model was used to determine the bidirectional transportation permeability (apical side to basolateral side and basolateral side to apical side, hereinafter referred to as AP-BL and BL-AP). The cumulative drug amounts in both directions were calculated (Fig. 2a, b) . The P app (AP-BL) values of the six compounds ranged from 0.08 × 10 −6 to 3.65 × 10 −6 cm/s (Fig. 2c) . A drug with a P app (AP-BL) < 5 × 10
cm/s is considered to exhibit poor penetration [37] . The P app (BL-AP) values of the six compounds ranged from 0.31 × 10 −6 to 70.6 × 10 −6 cm/s (Fig. 2d) . Therefore, all six tested compounds in this study showed poor permeability. Interestingly, BER exhibited much higher permeability than did the other compounds in both directions.
In addition, we calculated the ER (P app (BL-AB) /P app (AP-BL) ) and net efflux (P app (BL-AB) − P app (AP-BL) ) values, and the net efflux values of Interaction of berberine and five other PAs with P-gp YT Zhang et al.
Fig. 3
Predicting the binding of the six compounds to P-gp through the transport pathway. The complete transition pathway between the inward-facing and outward-facing conformations of human P-gp was modeled, and the six compounds were docked into a total of 100 intermediate P-gp conformations in which the docking box center was shifted from 0 to 31.6 Å at intervals of~0.4 Å along the Z-axis; docking scores are averaged every Z~1.5 Å (b). The complete transport pathway for all six compounds from the binding site to the extracellular region along with the corresponding binding affinities to P-gp. The binding affinities (docking scores) are illustrated in a Fig. 4 The binding modes of the six compounds interacting with P-gp at the lowest docking scores. All six compounds exhibit an inwardfacing state binding mode and generally interact with P-gp through hydrophobic-driven binding modes. BBR, BER, COL, JAT, and THA binding to P-gp (a, c); DEM binding to P-gp (b, d). All residues within 4 Å of the compounds are shown in c and d the six compounds across Caco-2 monolayers ranked as BER > BBR > COL~JAT > THA > DEM (Table 1) .
Predicting the binding modes of BBR and metabolites along the translocation pathway We modeled inward-facing and outward-facing human P-gp structures. Using NUMD [36] developed by our group, we obtained the whole transition pathway of P-gp from its inwardfacing to outward-facing state. To simulate the translocation pathway of the six compounds, we docked each compound into intermediate P-gp conformations in which the docking box center was shifted from the binding site to an extracellular region along the Z-axis (Fig. 3b) . By calculating the docking scores of each compound to the intermediate conformations, we obtained the binding affinities of the six compounds to P-gp in the translocation pathway. The binding affinities (docking scores) are also illustrated in Fig. 3a and Supplemental Fig. 2 . One can clearly see in Supplemental Fig. 2 that ionized BER has a much lower binding affinity than does BBR, while the zwitterionized BER has much higher binding affinities than does BBR. The lower binding affinities of ionized BER indicate its larger efflux difficulty in being pumped by P-gp. Given that BER has a remarkably larger efflux capacity compared to BBR and the other compounds, it is reasonable to speculate that zwitterionized BER is the main efflux form. Therefore, we focus on the transport mechanism of zwitterionized BER through P-gp. As shown in Fig. 3a , DEM exhibited the highest binding affinity (lowest docking score) throughout the transport pathway, indicating that it has the greatest difficulty in being pumped by P-gp. The binding affinities for BBR, BER, COL, JAT, and THA in the releasing stage (22-32 Å) ranked as BER < BBR < JAT~COL < THA, indicating that the compounds ranked as BER > BBR > JAT~COL > THA in terms of P-gp pumping difficulty. These data agree well with the above experiments.
Binding modes of BBR and metabolites with P-gp in the binding stage The six compounds bind to P-gp with highest affinity at Z ≈ 5 Å (Fig. 3a) when P-gp is in the inward-facing state (Fig. 4a, b) . This result was consistent with the released murine complex crystal structure [18] . All six compounds primarily interact with P-gp through hydrophobic interactions (Fig. 4c, d) . Compared with the other five compounds, DEM can form close contacts with more aromatic residues. Regarding electrostatic interactions, BBR, BER, COL, JAT, and THA can form only one or two hydrogen bonds with Y307, Y310, and N721 (Supplemental Figs. 3c-3g ). In contrast, DEM can form six hydrogen bonds with Y307, Y310, and Q725 through two hydroxyl functional groups (Supplemental Fig. 3b) . BBR, BER, COL, JAT, and THA form fewer hydrogen bonds than does DEM with P-gp (BBR: 1; BER: 1; COL: 3; JAT: 5; and THA: 2). Ambudkar et al. [38] reported that Y307, Y310, Q725, and N721 play critical roles in hydrogen bond formation, which is consistent with our findings. This indicates the high reliability of our docking experiment. In conclusion, the greater number of favorable closely packed hydrophobic interactions and stronger hydrogen bond network give DEM the highest binding affinity to P-gp in the early binding stage.
Binding modes of BBR and metabolites with P-gp in the release stage The binding affinities of all six compounds to P-gp become distinguishable when Z > 17 Å. The greatest difference in binding affinity is observed at Z~27 Å (Fig. 3a) , with the compounds ranking BER < BBR < COL~JAT < THA < DEM. Obviously, the higher the binding affinity is, the more difficult the transportation of the compound. Therefore, the compounds rank as BER > BBR > COL~JAT > THA > DEM in terms of efflux capacity, which is consistent with the in vitro experiment results. As described in Scheme 1, the six compounds are highly similar in structure, with a common tetrahydroisoquinoline [2,1-b] isoquinoline core and one positive charge at the N. The position and number of hydroxyl groups on each compound make them different. For instance, the only difference between two pairs (BER vs. THA and COL vs. JAT) is the position of a hydroxyl group. The difference between three pairs (BBR vs. DEM, BBR vs. THA, and DEM vs. COL) is the number of hydroxyl groups. Intriguingly, these minor structural differences resulted in different efflux capacities.
To determine why such trivial structural differences among BBR and the five other PAs result in markedly different efflux capacities, we analyzed the docking poses at Z~27 Å. The six compounds are bound to the extracellular part of P-gp (see the membrane border in gray color), which means that they have been transported out of the cell and reached the release stage (Fig. 5a) . The docking poses of all six molecules are at nearly the same position, which indicates that the compounds have comparable hydrophobic interactions with F971, A80, F79, L975, and T76 (Fig. 5b, c) . Therefore, it might be the individual differences in the electrostatic interactions with P-gp that determine the differences in their binding affinities, which are attributed to N84, D87, and E972 (Fig. 5b, c) .
Then, we investigated how the hydroxyl group position influences the binding affinity of BER and THA or of COL and JAT. THA can form four hydrogen bonds with N84, D87, and E972, whereas BER cannot form any hydrogen bonds with P-gp in zwitterionic form (Fig. 6a) . JAT and COL can form comparable hydrogen bonds (Fig. 6b) . Next, we investigated the correlation between the hydroxyl group number and binding affinities by comparing BBR with DEM, BBR with THA, and DEM with COL. The compounds ranked as DEM > THA > COL > BBR in terms of the number of hydrogen bonds (DEM: 6; THA: 4; COL: 3; and BBR: 0) formed with P-gp (Fig. 6c-e) . Based on the above result, the binding affinities are strongly correlated with the number of hydrogen bonds formed. Compounds with comparable hydrogen bond numbers appear to demonstrate comparable binding affinities, and compounds that form more hydrogen bonds demonstrate higher binding affinities than do counterparts that form fewer. We suggest that BBR and the five other PAs have comparable hydrophobic interactions with P-gp and that the electrostatic interaction (hydrogen bond number) is the main determinant of the different binding affinities at the release stage.
DISCUSSION
The high levels of P-gp expressed in the intestine may directly limit oral drug absorption and increase variability in clinical practice [39] . Identifying the interactions of PAs with P-gp at the early stage of drug development could help to facilitate the drug screening process and predict potential drug-drug interaction risks.
In this study, both experimental assays (in vivo and in vitro) and in silico methods were employed to identify potential P-gp substrates. Mice lacking P-gp have been used extensively to investigate the role of P-gp in oral absorption [16] . P-gp is coded by mdr1a (or Abcb1a) and mdr1b (or Abcb1b) in rodents and by MDR1 (or ABCB1) in humans. The evidence suggests that mdr1a plays a dominant role in drug transport compared to mdr1b [40, 41] . In our study, the mRNA levels of both mdr1a and mdr1b were decreased in the livers of P-gp KO (mdr1a −/− ) mice compared with those in WT mice (Supplemental Fig. 1 ). After oral administration of a 150 mg/kg dose of BBR, we compared the concentrations of BBR and five of its metabolites in WT and P-gp-KO mice. It was found that all six compounds' plasma and liver concentrations were increased to different extents (Fig. 1) in the P-gp-KO mice. As the increases in the concentrations of the five other compounds were greater than the increase in BBR, it is reasonable to hypothesize that the absence of P-gp contributes substantially to this process. Of course, other factors, such as changes in cytochrome P450 and the compensating effect of other efflux transporters, could not be completely excluded.
It is difficult to quantitatively assess the P-gp efflux capacities of the six compounds with such a simple in vivo study. Therefore, a Caco-2 efflux in vitro experiment was conducted. Based on P app (AP-BL) and P app (BL-AP) , the ER and net efflux value were calculated to assess the efflux capacity of each compound. In addition, we used the net efflux value as a reference parameter to assess the "strength" of the efflux capacities of the six compounds for the following reasons: (1) the ER can be used as a criterion to categorize compounds as substrates or non-substrates, but it cannot tell how "strong" the substrates are [42] ; (2) cm/s, while for drugs with low P app (AP-BL) , only P app (BL-AP) can be used to assess substrate transport [42, 43] . The net efflux of BBR and the five other compounds across Caco-2 monolayers ranked as BER > BBR > COL~JAT > THA > DEM. Furthermore, the Caco-2 permeability is affected by both passive and active (uptake, efflux) transport [44] . The overall net permeability of a drug is the combination of passive diffusion and carrier-mediated transport (absorption and efflux) across the cell membrane [45] . Thus, both the ER and net efflux value maybe influenced by the passive membrane permeability, and we cannot rule out interference from this source. In contrast to BBR, the other five PAs contain both iminium cations and hydroxyl groups, which results in multiple species in solution at different pH values, including protonated and deprotonated forms of each compound. This variety makes determination of the pKa values particularly important because at a pH value higher than the pKa value, these compounds could take on the characteristics of neutral molecules. The in silicopredicted pKa values demonstrated that COL, JAT, THA, and DEM have relatively high pKa values, and at physiological pH, they are present mainly as iminium cations, similar to BBR (Supplemental Table 1 ). In contrast, BER is deprotonated at pH 7.0 ± 2.0, and the pKa value of BER is 8.27; thus, BER is partly deprotonated and is present as a zwitterionized form. The hydrophobicity of the zwitterionized form is higher than that of the ionized form, which may result in increased passive permeability. This phenomenon may explain why BER exhibited much higher permeability than did the other compounds in both directions.
Our results clearly showed that while BBR and the five other PAs are highly similar in structure, they exhibit substantial differences in P-gp-related efflux capacities (Scheme 1 and Table 1 ). To investigate the underlying mechanism, we employed an in silico model to assess the transport pathway of the six compounds and their binding affinities to P-gp. The in silico model successfully ranked the compounds' binding affinities consistently with the experimental results. The conformation corresponding to the highest binding affinity showed an inward-facing binding mode for all six compounds, which is consistent with the published murine complex crystal structure [18] , and all six compounds showed a hydrophobic-driven binding mode. Compared to the other five compounds, DEM can form close contacts with more aromatic and hydrophobic amino acids and can form more hydrogen bonds with P-gp; thus, DEM displayed the highest binding affinity at the early binding stage. We found that the binding affinities to the extracellular part of P-gp show a strong correlation with the number of hydrogen bonds formed with P-gp: compounds with comparable hydrogen bond numbers exhibit comparable binding affinities, and compounds with more hydrogen bonds exhibit higher binding affinities than do their counterparts with fewer. That is, at the early binding stage, different hydrophobic and electrostatic interactions collectively differentiate the binding affinities to P-gp, while at the late release stage, the electrostatic interaction is the main determinant.
As shown in our study, the highest binding affinity at the binding stage facilitates binding, while the highest binding affinity at the release stage hinders dissociation from P-gp. In fact, "strong" P-gp substrates (competitive inhibitors) should be highly hydrophobic because they must first "dissolve" in the hydrophobic membrane medium according to the popular "hydrophobic vacuum model" [46] . Moreover, given the predominant distribution of hydrophobic residues in the binding pocket, researchers have generally thought that highly hydrophobic compounds would more easily bind to P-gp. However, Chufan et al. [38] noted the importance of hydrogen bond formation for an effective P-gp substrate [38] . After the mutation of residues that participate in hydrogen bond formation, he found that the effect of the thirdgeneration inhibitor zosuquidar was reversed, resulting in a stimulatory effect on the ATPase activity of P-gp [38] . Similarly, this study indicated that DEM, with only one or two more hydroxyl groups than its counterparts, can form a much more complex hydrogen network with P-gp ( Fig. 6d and Supplemental Fig. 3b ) and thus displays a high binding affinity with P-gp and a low efflux capacity. Therefore, researchers should be sure to introduce hydrogen bond donors and acceptors to reduce the risk of producing P-gp substrates when designing PA analogs.
In the clinic, using existing P-gp inhibitors is not an ideal strategy to improve oral bioavailability [47, 48] . For example, concomitant use of the P-gp inhibitor cyclosporin A can suppress the immune system and cause medical complications [49] . Chemical modification is an alternative approach to overcoming the efflux of BBR by using P-gp as a target. The synthesized BBR analog pseudoberberine (IMB-Y53) has a low affinity to P-gp and exhibits improved bioavailability and a higher glucose-lowering efficacy compared to BBR [50, 51] . Moreover, some PAs, such as coptisine, have trivial structural differences from BBR but have been demonstrated to have very different binding affinities to Pgp [52] . It is crucial to clarify why such small structural differences can lead to substantial efflux capacity differences, which is essential for the design and optimization of the current PAs.
In conclusion, we proved that BBR and five other PAs were substrates of P-gp using in vivo experiments and identified their efflux capacity ranking, BER > BBR > COL~JAT > THA > DEM, by measuring the corresponding permeability across Caco-2 monolayers in vitro. The binding affinities of the six compounds to P-gp were successfully verified by an in silico model, and their transport pathways were further investigated. Our results suggested that hydrogen bonding plays an important role in the differences in the binding affinities of BBR and the five other PAs. At the early binding stage, different hydrophobic and electrostatic interactions collectively differentiate the binding affinities to P-gp, while at the late release stage, the electrostatic interaction is the main determinant. Our work highlights a new approach to reducing the P-gp efflux risk at the early drug discovery stages.
